The final steps of cell division are tightly coordinated in space and time, but whether mechanisms exist to couple the actin and microtubule (MT) cytoskeletons during anaphase and cytokinesis (C phase) is largely unknown. During anaphase, MTs are incorporated into an anti-parallel array termed the spindle midzone (midzone MTs), whereas F-actin and non-muscle myosin II, together with other factors, organize into the cleavage furrow [1] . Previous studies in somatic cells have shown that midzone MTs become highly stable after furrows have begun ingression [2] , indicating that furrow-to-MT communication may occur. Midzone formation is also inhibited in fly spermatocytes that fail to form a cleavage furrow [3] and during monopolar cytokinesis when myosin contractility is blocked by blebbistatin [4] . We show here that midzone MT stabilization is dependent on actomyosin contraction, suggesting that there is active coordination between furrow ingression and microtubule dynamics. Midzone microtubule stabilization also depends on the kinase activity of Aurora B, the catalytic subunit of the chromosomal passenger complex (CPC), uncovering a feedback mechanism that couples furrowing with microtubule dynamics. We further show that the CPC scaffolding protein INCENP (inner centromere protein) binds actin, an interaction that is important for cytokinesis and for midzone MT stabilization following furrow ingression. Stabilization of midzone MTs with low amounts of Taxol rescues cytokinesis in INCENP actin-binding mutant-expressing cells. Collectively, our work demonstrates that the actin and microtubule cytoskeletons are coordinated during cytokinesis and suggests that the CPC is integral for coupling furrow ingression with midzone microtubule stabilization.
RESULTS

Midzone Microtubules Are Differentially Stable during Cytokinesis
To investigate the relationship between furrowing and midzone microtubule (MT) stability, we exposed asynchronous HeLa cells to cold temperature (0 C) for 10 min prior to fixation. This treatment suggested that midzone MTs become increasingly stable as cells exit mitosis (cytokinesis; C phase [5, 6] ). Cells that appeared to be in anaphase A at the time of fixation, characterized by chromosome segregation without pole separation and a noningressed furrow, were devoid of midzone MTs, whereas cells that apparently progressed further, namely anaphase B and telophase cells, contained cold-stable MTs ( Figure 1A ). In agreement with previous work [2] , cells with cold-stable midzone MTs had invariably initiated furrow ingression; only 5.3% ± 3.2% of noningressed cells (mean ± SE, n = 70) retained polymer following cold treatment, whereas 82.0% ± 3.5% (n = 108) of cells with an ingressed furrow contained polymer ( Figure 1B ). This qualitative result was unaffected by removal of free tubulin via a brief permeabilization step prior to fixation ( Figure S1A ). Quantitative analysis revealed that the sum intensities of polymeric tubulin fluorescence following cold treatment in ingressed cells show a positive linear correlation with the degree of furrowing ( Figure 1C ). This result was unaffected by the presence or absence of free tubulin (Figure S1B) . Midzone MTs behaved similarly in the non-transformed RPE-1 cell line ( Figures S1C and S1D ).
To better correlate the timing of furrowing with midzone MT stabilization, we next used a live-cell assay to monitor midzone MT stability. HeLa cells that simultaneously express GFP-tubulin and mCherry-H2B were challenged during C phase with DMSO or 10 mM nocodazole before or after furrow ingression [2] . DMSO-treated cells progressed through cytokinesis normally without losing midzone MTs ( Figure 1D ; Movie S1A). In contrast, nocodazole caused rapid midzone MT disassembly when added to cells that had not initiated furrowing ( Figure 1D , Pre-I; Movie S1B). The addition of nocodazole to cells that had begun furrowing, however, did not cause widespread midzone MT depolymerization ( Figure 1D , Post-I; Movie S1C). At the terminal time point (7 min following nocodazole addition), pre-ingression cells retained an average of only 16.3% ± 8.6% (mean ± SD, n = 10) of the initial midzone MT fluorescence, whereas postingression cells retained on average 45.1% ± 16.8% (n = 9) of their initial midzone MT fluorescence ( Figure 1E ). Similar results were obtained using cells expressing mCherry-tubulin (Figures S1E and S1F). These results indicate that midzone MTs acquire nocodazole resistance after furrowing has initiated, and are consistent with observations made using our fixed-cell coldstability assay.
Stabilization of Midzone MTs Requires Myosin II Activity
Midzone MTs might acquire stability through a time-dependent process or, alternatively, become stabilized by furrowing. To 
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discriminate between these models, we used lamin B immunofluorescence to more precisely judge how long a cell had spent in C phase. Few non-ingressed cells (9.3% ± 1.6%, n = 125) had detectable lamin B on chromatin, but this number increased to 95% ± 1.1% (n = 123) in ingressed cells ( Figure S2A ), demonstrating that lamin B is a suitable marker for late-stage C phase cells. We then treated asynchronous cells with the non-muscle myosin II inhibitor blebbistatin (100 mM) to block furrow ingression without perturbing assembly of the contractile array [6] . Although midzones were present in blebbistatin-treated cells at 37 C [6] , they were cold labile ( Figure 2A ) even in cells containing lamin B-labeled chromatin (Figures 2A and 2B ). Similar results were observed in cells treated with 5 mg/ml cytochalasin B, an actin poison ( Figures S2C and S2E ). Again, pre-extraction of free tubulin did not affect these results ( Figures S2B and S2D) .
We then tested the relative importance of time spent in C phase versus contractility for midzone MT stabilization in live cells using our nocodazole shock assay. Because blebbistatin has phototoxic effects when imaged with blue light [7] [8] [9] , we transiently expressed mCherry-tubulin in HeLa cells to visualize midzone MTs. Differential interference contrast (DIC) imaging was also used to determine the degree of chromatin condensation, allowing us to distinguish between cells in early-and latestage C phase. Cells were treated with blebbistatin to block furrowing for >20 min prior to nocodazole addition. Without nocodazole, midzone MTs in early C phase (condensed chromatin as observed by DIC) or late C phase (de-condensed chromatin) persisted throughout blebbistatin treatment (Figures 2C and 2D ; Movies S2A and S2C). Addition of nocodazole, however, induced midzone MT disassembly during both early and late C phase (Figures 2C and 2D ; Movies S2B and S2D). At the terminal time point (6 min, 30 s), cells early in C phase treated with nocodazole had 26.0% ± 7.2% (n = 14) of the initial fluorescence from tubulin polymer. Nocodazole similarly affected cells late in C phase (34.6% ± 9.9%, n = 13), indicating that a prolonged C phase does not considerably increase midzone MT stability in the absence of myosin II contractility ( Figure 2E ). Collectively, these observations suggest that midzone MTs do not become stable as a function of time spent in C phase but rather that their stability is dependent on myosin II contractility.
Stabilization of Midzone MTs Requires Aurora B Kinase Activity Aurora B kinase (ABK) is the catalytic component of the chromosomal passenger complex (CPC), a protein complex that also consists of inner centromere protein (INCENP), Borealin, and Survivin, and plays key roles in multiple aspects of cytokinesis [10] . Although the CPC has well-documented functions in cleavage plane specification [11] and promoting midzone assembly [12] , its role at the furrow remains unclear. Interestingly, studies of monopolar cytokinesis implicate the CPC in mediating myosin II-dependent cortex-to-MT signaling that promotes the formation of a monopolar midzone [4] . Moreover, the CPC localizes to actin cables in an MT-free zone that connects the cortex to midzone MTs during monopolar cytokinesis [4, 13] . Because our data demonstrate a causal relationship between furrow ingression and midzone MT stabilization and previous work has placed the CPC at the intersection of actin and MT cytoskeletons during cytokinesis, we next investigated ABK as a potential candidate to mediate cortex-to-MT signaling in bipolar midzones.
To test whether ABK might regulate midzone MT stability during C phase, we treated cells for 10 min with the ABK inhibitor ZM447439 (2 mM) [14] prior to cold treatment. ZM447439 caused an 5-fold decrease in the percentage of ingressed cells with cold-stable MTs (15% ± 1.7%, mean ± SE, n = 85) compared to control cells (79.3% ± 0.9%, n = 123), suggesting that ABK activity is required for midzone MT stabilization after furrow ingression ( Figures 3A and 3B ). Pre-extraction of soluble tubulin did not affect the outcome of this experiment ( Figure S3A ). To demonstrate this in live cells, GFP-tubulin/mCherry-H2B-labeled cells were treated with ZM447439 for 5 min prior to imaging or exposure to nocodazole. Under these conditions, ZM447439 treatment alone did not cause midzone MT disassembly in either pre-or post-ingression cells ( Figure 3C ; Movies S3A and S3C). Nocodazole addition, however, caused rapid MT disassembly both before and after furrow ingression ( Figure 3C ; Movies S3B and S3D). Pre-ingression cells treated with ZM447439 maintained only 26.7% ± 10.0% (mean ± SD, n = 11) of the initial midzone MT fluorescence after 6 min in nocodazole ( Figure 3D ). Likewise, post-ingression midzone MTs maintained only 16.9% ± 7.9% (n = 10) of the initial fluorescence after nocodazole addition, demonstrating that myosin II-dependent midzone MT stabilization after the initiation of furrowing also requires active ABK.
We also investigated whether myosin II inhibition might alter midzone MT stability by disrupting ABK localization. In fixed cells, we first noted no observable differences in ABK localization in non-ingressed cells compared to ingressed cells, suggesting that the change in MT stability observed between these two stages is not due to gross changes in the steady-state localization of the kinase ( Figure S3B ). Additionally, inhibition of myosin II or ABK activity did not prevent ABK from localizing to the division plane ( Figures S3C and S3D) , suggesting that changes in midzone MT stability, induced either through contractility or treatment with small molecules, cannot be caused by changes in ABK localization. Brief inhibition of ABK with ZM447439 also did not displace the midzone organizing factors Mklp1 and PRC1 ( Figures S3E and S3F ).
Human INCENP Binds Actin Directly
The localization of ABK to actin cables during monopolar cytokinesis [4] suggests that its function in monopolar midzone formation may require an actin interaction. Interestingly, Dictyostelium INCENP has been shown to associate with actin in cells [15] , leading us to speculate that human INCENP might also bind actin directly. To examine this possibility, we first analyzed the ability of various GFP-INCENP constructs to co-localize with actin-based structures, marked with mCherry-Utrophin, when exogenously expressed in HeLa cells ( Figures S4A and S4B) . A 181-amino acid (aa) fragment of INCENP (INCENP 500-680 ) was sufficient to co-localize with actin during mitosis. To confirm the specificity of this co-localization, we treated cells expressing GFP-INCENP 500-680 with cytochalasin B and found that localization of the protein was disrupted in a manner similar to that of actin ( Figure S4B ). Because INCENP aa residues 500-680 reside in a highly charged region of a single alpha-helical domain [16] , we hypothesized that INCENP associates with actin through an electrostatic interaction. To test this, and to abrogate a potential INCENP-actin interaction, we generated charge-reversal (CR) mutants (lysine/arginine-to-glutamic acid) within amino acid residues 500-680. Charge reversal of ten residues (K563, , however, did not co-sediment with actin, confirming that the mutations that abolish actin co-localization in cells also disrupt direct actin binding in vitro ( Figure 4B ).
INCENP Actin Binding Is Required for Midzone MT Stabilization and Cleavage Furrow Ingression
To investigate the role of CPC actin binding during C phase, we next incorporated the ten charge-reversal mutations into our fulllength GFP-INCENP construct (GFP-INCENP CR). We then used a depletion/rescue strategy to substitute endogenous INCENP with either full-length GFP-INCENP or GFP-INCENP CR (Figure S4D) . We first analyzed the localization of the CPC in cells expressing wild-type GFP-INCENP or GFP-INCENP CR by imaging GFP and ABK. In agreement with previous work [17] , GFP-INCENP and ABK both localize to the midzone and the cell cortex in cells expressing wild-type GFP-INCENP (Figure 4C) , with cortical localization examined in volume projections rotated by 90 . In cells expressing GFP-INCENP CR, GFP-INCENP and ABK still localized to the midzone and to the cell cortex, although this mutation appears to partially disrupt CPC distribution along the midzone.
We next assayed midzone MT stability in these cells using exposure to cold temperature ( Figure 4D ). Similar to unperturbed cells, 86.0% ± 1.5% (mean ± SE, n = 84) of ingressed cells expressing wild-type GFP-INCENP had cold-stable midzone MTs. However, the percentage of cells with stable midzone MTs decreased 5-fold in cells expressing GFP-INCENP CR (17.3% ± 3.5%, n = 64; Figure 4E ). Pre-extraction to remove free tubulin did not change our ability to detect MTs ( Figure S4E ). This 5-fold decrease in midzone MT stability observed in ingressed cells expressing GFP-INCENP CR reflects the decrease we observed following ABK inhibition using ZM447439 (Figure 3A) , supporting the idea that INCENP-actin interactions are crucial for the CPC to mediate feedback signaling from cortical actin to midzone MTs.
To investigate the role of INCENP actin binding during cleavage furrow ingression, we used live-cell imaging to follow cells depleted of endogenous INCENP and rescued with either GFP-INCENP or GFP-INCENP CR throughout C phase (Movies S4A and S4B). We observed that 100% ± 0.0% of cells expressing wild-type GFP-INCENP were successful in cleavage furrow ingression (mean ± SE, n = 12), validating our approach. In contrast, only 37.8% ± 2.3% of cells expressing GFP-INCENP CR were able to ingress the furrow and form a midbody (n = 16; Figure 4F ). Myosin II and actin localized normally in cells expressing GFP-INCENP CR ( Figures S4F and S4G) , suggesting that furrow ingression failure in GFP-INCENP CR-expressing cells cannot be a consequence of failed actomyosin accumulation.
Because cells expressing GFP-INCENP CR have cold-sensitive midzone MTs, we next investigated whether artificially stabilizing MTs would rescue cleavage furrow ingression in these cells. To test this, we incubated cells in the presence of a low dose of Taxol (2.5 nM for 30 min) prior to imaging, a treatment that did not impede C phase progression in cells expressing wild-type GFP-INCENP (Movie S4C). Cells expressing wildtype GFP-INCENP completed cleavage furrow ingression 88.7% ± 11.3% of the time (mean ± SE, n = 10) in Taxol (Figure 4F) . Similarly, cells expressing GFP-INCENP CR also successfully completed cleavage furrow ingression following Taxol treatment (91.6% ± 8.3%, n = 12; Figure 4F ; Movie S4D). To confirm that 2.5 nM Taxol altered midzone MT stability during C phase, we used the live-cell nocodazole shock assay. HeLa cells stably expressing GFP-tubulin and mCherry-H2B were pre-incubated with DMSO or 2.5 nM Taxol for 30 min before exposure to 10 mM nocodazole ( Figure S4H ). In cells pre-incubated with low-dose Taxol, midzone MTs were more stable when nocodazole was added before cleavage furrow ingression. At the terminal time point (7 min following nocodazole addition), pre-ingression cells incubated with DMSO retained only 23.9% ± 5.9% (mean ± SD, n = 11) of the initial midzone MT fluorescence, whereas pre-ingression cells incubated with Taxol retained on average 38.2% ± 11.9% (n = 10) of their initial midzone MT fluorescence ( Figure S4I ). Taken together, these results support the notion that INCENP actin binding is essential for cytokinesis, and that this interaction is important because it promotes midzone MT stabilization.
DISCUSSION
Whether actomyosin contractility influences midzone formation during cytokinesis is controversial. Actin disruption eliminates midzone MTs during the meiotic divisions of Drosophila spermatocytes [3] , and myosin II inhibition prevents midzone formation during monopolar cytokinesis [4] . However, similar perturbations in somatic cells undergoing normal, bipolar cytokinesis [6, [18] [19] [20] have yielded conflicting results. Our data show that the midzone MTs of HeLa and RPE-1 cells are stabilized upon furrow initiation in a manner that requires actomyosin contraction, suggesting that furrow ingression impacts bipolar midzone stability rather than assembly. These findings are consistent with previous reports showing that midzone MTs in somatic cells acquire resistance to nocodazole [2] and pressure [21] during cytokinetic progression. Additionally, our live-cell analysis demonstrates that myosin II contractility is only required to initiate the feedback signaling that stabilizes midzone MTs; midzone MTs become nocodazole resistant once furrowing has begun. Although furrowing appears to trigger a unidirectional change in midzone MT stability, the way in which stabilization occurs is not obvious and will be the subject of future work. Although the mechanism of midzone MT stabilization is not clear, our data identify the CPC as a key mediator of this process; pharmacological inhibition of ABK at any point during cytokinesis results in rapid destabilization of midzone MTs. The importance of CPC actin binding, via INCENP, in promoting midzone MT stabilization after furrow ingression further suggests that the CPC may propagate a midzone MT stabilization signal that originates at the equatorial cortex. Significantly, cortical positioning of the CPC would enable the complex to monitor physical changes in the furrow as it ingresses. Furrow ingression could impact ABK activity at a molecular level, for example through CPC clustering [22] or reductions in dimensionality that affect substrate accessibility [23, 24] .
The idea that the CPC participates in a feedback loop that couples the activities of F-actin and MTs during cytokinesis has been suggested previously; Hu et al. showed that ABK activity is required for the formation of a midzone during monopolar cytokinesis [4] . Notably, this outcome is different from our observations of bipolar cytokinesis, which we suggest reflects a fundamental difference in the properties of monopolar versus bipolar midzones. In accord with this idea, PRC1 and Mklp1 are delocalized in monopolar midzones that do manage to form in the presence of an ABK inhibitor [4] , whereas PRC1 and Mklp1 localizations are qualitatively unaffected by ABK inhibition during bipolar cytokinesis (Figures S3E and S3F ). Relative to monopolar midzones, bipolar midzones may be more organizationally robust, perhaps due to the anti-parallel MT crosslinking activity of PRC1 [25, 26] and associated factors, such as KIF4A [27] .
An important goal for the future will be to determine the significance of post-furrow ingression midzone MT stabilization during bipolar cytokinesis. Progress will require strategies that selectively alter the functional properties of specific sub-populations of C phase MTs. Here we developed an INCENP actin-binding mutant as a tool to decrease midzone MT stability after furrowing. Cells expressing this mutant largely fail at cleavage, showing that CPC actin binding is necessary for cytokinesis. The inability of the INCENP actin-binding mutant to stabilize midzone MTs following furrow initiation appears to be a major underlying defect: cytokinesis can be rescued with a low dose of Taxol ( Figure 4F ). Interestingly, the CPC distributes more broadly along the midzone in cells expressing the INCENP CR mutant ( Figure 4C ), leading us to speculate that INCENP-actin interactions may help to focus the CPC at the division plane. The interaction between Mklp2 and non-muscle myosin II has also been suggested to function in this capacity [28] . Although effects on furrowing mediated through astral MTs cannot be ruled out, an intriguing possibility is that positive feedback from midzone MT stabilization promotes furrow closure, creating a double feedback loop that promotes bidirectional CPC-dependent cortex-to-midzone communication. 
